Abstract Research in genetics of epilepsy represents an area of great interest both for clinical purposes and for understanding the basic mechanisms of epilepsy. Most mutations in epilepsies without structural brain abnormalities have been identified in ion channel genes, but an increasing number of genes involved in a diversity of functional and developmental processes are being recognized through whole exome or genome sequencing. Targeted molecular diagnosis is now available for different forms of epilepsy. The identification of epileptogenic mutations in patients before epilepsy onset and the possibility of developing therapeutic strategies tested in experimental models may facilitate experimental approaches that prevent epilepsy or decrease its severity. Functional analysis is essential for better understanding pathogenic mechanisms and gene interactions. In vitro experimental systems are either cells that usually do not express the protein of interest or neurons in primary cultures. In vivo/ex vivo systems are organisms or preparations obtained from them (e.g., brain slices), which should better model the complexity of brain circuits and actual pathophysiological conditions. Neurons differentiated from induced pluripotent stem cells generated from the skin fibroblasts of patients have recently allowed the study of mutations in human neurons having the genetic background of a given patient. However, there is remarkable complexity underlying epileptogenesis in the clinical dimension, as reflected by the fact that experimental models have not provided yet results having clinical translation and that, with a few exceptions concerning rare conditions, no new curative treatment has emerged from any genetic finding in epilepsy.
Introduction
The role of genetic determinism in epilepsy has long been emphasized. Although an increasing number of genetic epilepsy syndromes or disorders have recently been identified, in many cases both genetic and acquired factors can contribute to the determinism of epilepsy. Epilepsies of unknown cause have classically been divided into two main etiologic categories: presumed symptomatic epilepsies are those in which the cause is suspected to be induced by a pathology that is below the limit of detection of the available diagnostic tests; "idiopathic" epilepsies are instead thought to be caused by a genetic predisposition. Symptomatic epilepsies are caused by an obvious brain abnormality, which can, in turn, be determined genetically or by external factors acting prenatally or after birth. Defining genetically determined epilepsies as "symptomatic" is easy, for example for neuronal migration disorders, or neurocutaneous diseases, such as tuberous sclerosis, or a syndromic form of mental retardation. The same applies to many forms of progressive myoclonus epilepsy, the clinical expression of which is relatively homogeneous in relation to the genetically determined degenerative or metabolic causes. The task is much more complex when the genetic cause is unknown and will only be recognizable or become highly likely later during the course, when a given electroclinical pattern or syndrome will become obvious. This is, for example, the case of several early-onset epileptic encephalopathies (EEs) such as those caused by alterations of the CDKL5, STXBP1, or ARX genes. For this reason, the category of "genetic epilepsy", which has recently been proposed [1] is controversial and, perhaps, somewhat uncertain, as what is presumed to be symptomatic today may become genetic after molecular screening, or remain as such if screening is unavailable.
About 30% of all epilepsies are idiopathic [2] , and research in genetics of epilepsy represents an area of great interest both for clinical purposes and for understanding of the basic mechanisms of epilepsy. The idiopathic epilepsies are characterized by age-related onset, normal neurological and cognitive development, and absence of brain damage. The study of electroencephalogram (EEG) anomalies while awake and during sleep is useful for characterizing the different forms. An underlying genetic defect has been clearly demonstrated for some forms with Mendelian inheritance [3] . In particular, genetic studies of families and twins contributed to the definition of genetic epilepsy, and especially to the evaluation of the risk of familial recurrence [4, 5] . After the first report in 1988 of the chromosomal mapping of juvenile myoclonic epilepsy [6] , several additional loci were demonstrated to be implicated in syndromic epilepsies. In 1995, the first mutation in the gene coding for the nicotinic acetylcholine receptor was identified in a family with autosomal dominant nocturnal frontal lobe epilepsy [7] . The subsequent identification of new epilepsy genes has greatly favored research into experimental models and new therapeutic strategies. Notably, most mutations in epilepsies without structural brain abnormalities have been identified in ion channel genes because they are known to be involved in neuronal excitability, but some mutations have also been identified in genes that do not code for ion channels [8] . The use of nontargeted genetic approaches (e.g., whole exome or genome sequencing) will probably increase their number in the future, although it is possible that several genes will be identified that play a role in ion channel regulation, targeting, or expression.
A targeted molecular diagnosis is now available for different forms of epilepsy [9] . The identification of epileptogenic mutations in patients before epilepsy onset and the possibility of developing therapeutic strategies tested in experimental models may allow experimental approaches towards interventions that inhibit epileptogenesis, prevent epilepsy, or decrease its severity. However, ethical problems may arise, especially in asymptomatic mutation carriers or in individuals and families in whom-after mutations of specific genes have been identified-the severity of the associated phenotype remains unpredictable. In fact, most idiopathic epilepsies do not follow a simple Mendelian pattern of inheritance and, even in families where involvement of a single gene is suspected, a high degree of phenotypic heterogeneity is possible.
Genetic mutations are defined as modifications in the sequence of a gene that is clearly identified as the cause of the disease; thus, the term should be used for Mendelian monogenic disorders, whereas genetic variants are modifications that contribute to disease susceptibility. In polygenic epilepsies, a specific epilepsy phenotype can be generated by the combination of less penetrant alleles with large effect, of polygenic alleles with small effect, and of interactions with environmental factors. In these cases, single modifications of gene sequences contribute to susceptibility to epilepsy, and their implication in disease is often inferred from the fact that the variants are mainly found in patients and that they induce functional effects. In some families with Mendelian inheritance, phenotypic variability has been ascribed to genetic modifiers (polymorphisms or other genetic variants that can modulate the effect of the genetic mutation) or environmental factors that influence phenotypic expression [10] .
Functional analysis is essential for better understanding pathogenic mechanisms and gene interactions [8] . In vitro experimental systems ( Fig. 1 ) are either cells that usually do not express the protein of interest (oocytes of the clawed frog Xenopus laevis or human cell lines, e.g., human embryonic kidney cells), which simplify functional analysis, or neurons in primary cultures, which provide neuronal cellular background and variety. In vivo/ex vivo systems are organisms or preparations obtained from them (e.g., brain slices), which should better model the complexity of brain circuits and actual pathophysiological conditions. Neurons differentiated from induced pluripotent stem cells generated from the skin fibroblasts of patients have recently allowed the study of mutations in human neurons that have the genetic background of a given patient. It is important that the results of functional studies are interpreted considering the characteristics of the experimental system used [8] .
We will focus our review on the main genetic epilepsy syndromes in which no structural brain abnormalities are currently apparent.
The Spectrum of SCN1A Gene-related Epilepsies and EEs
Dravet Syndrome or Severe Myoclonic Epilepsy of Infancy
Dravet syndrome manifests at about 6 months of age in previously healthy infants, typically with prolonged generalized or hemiclonic febrile seizures (FS) [11] . Between 1 and 4 years, other types of seizures usually appear, including myoclonic, partial, and absence seizures. Hyperthermia, such as having a fever or sitting in a warm bath, often precipitates seizures [12] . EEG may be normal until the age of 2 years when generalized spike wave activity is seen; approximately 10% of patients are photosensitive. Magnetic resonance imaging is either normal or shows nonspecific features [13, 14] . Development in the first year of life is normal, but subsequently slows, and may regress leading to severe cognitive impairment. Therefore, Dravet syndrome is considered an EE, that is a disorder in which epileptic seizures and epileptiform electrical activity impair brain function, although this causal link has not yet been clearly demonstrated.
Dravet syndrome is related, in at least 85% of cases, to abnormalities of the SCN1A Na + channel (Table 1) . Neuronal Na + channels are essential for excitability, and consist of a principal α subunit and accessory β subunits (Fig. 2) ; SCN1A codes for the Nav1.1 α subunit. The majority of patients exhibiting mutations of this gene carry de novo mutations (90%); about 40% of these mutations are truncation and 40% are missense mutations. Ten percent of patients who are mutation-negative on sequence-based analysis have copy number variations, including exonic deletions or duplications that can involve several exons or the whole gene [15, 16] .
Some rare patients have a mutation in the GABRG2 gene, gamma-aminobutyric acid (GABA) receptor γ2 subunit [3] , or in SCN1B sodium channel β1 subunit [17] (Fig. 2 ; Table 1 ). SCN1A mutations are also commonly found in the borderline variant of Dravet syndrome, the separation of which from the core syndrome may be arbitrary [18] . Mutations are less commonly found in patients that have been categorized within different subgroups exhibiting various elements of Dravet syndrome [19] [20] [21] . Germline mosaicism may result in siblings with Dravet syndrome born from an unaffected or mildly unaffected parent carrying a low level of mosaicism for the mutation [22, 23] .
In vitro functional studies of missense SCN1A mutations in cell lines or Xenopus oocytes have initially shown controversial results, revealing both gain-of-function and loss-offunction effects, but loss of function without negative dominance seems to be the predominant mechanism of action of both truncations and missense mutations [8, 24] . Two mouse models for SCN1A, in which loss of function mutations were introduced into the endogenous mouse gene, a knockout line and a knockin of a human nonsense mutation, exhibited spontaneous seizures, cognitive impairment, and reduced sodium current selectively in GABAergic inhibitory interneurons [25] [26] [27] . These findings suggest that Dravet syndrome, and probably the other SCN1A-related seizure disorders, are caused by a decreased excitability of GABAergic interneurons owing to SCN1A haploinsufficiency [25, 26] . Recent functional studies carried out using human neurons differentiated form induced pluripotent stem cells have generated controversial results [28] [29] [30] , similarly to the first functional studies in transfected cells. Evidently, this promising technique still needs improvements for faithfully modeling pathophysiological conditions and functional effects. Phenotypes with some clinical features resembling Dravet syndrome have also been associated with protocadherin 19 (PCDH19) mutations in a few female patients. See the description of the spectrum of PCDH19-related epilepsies below.
Generalized (Genetic) Epilepsy with Febrile Seizures Plus
Generalized (genetic) epilepsy with febrile seizures plus (GEFS+) is a familial epilepsy syndrome diagnosed on the basis of at least 2 individuals with GEFS+ phenotypes in a family. The GEFS+ spectrum denotes phenotypic heterogeneity in families, including FS and FS plus. Overlap with classical idiopathic generalized epilepsy (IGE) is also seen. The course and response to antiepileptic drugs may vary considerably within the same family: some patients experience rare FS or nonfebrile seizures that remit after a few years, while other individuals, even within the same family, have drugresistant epilepsy, with Dravet syndrome as the extreme of the spectrum. GEFS+ was originally recognized because of remarkably large autosomal dominant pedigrees with 60-70% Fig. 1 Experimental models used for functional analyses of epileptogenic mutations/variants, in particular for ion channel genes. cRNA cloned RNA containing the sequence of the gene of interest and the mutation/ variant under study; cDNA cloned DNA containing the sequence of the gene of interest and the mutation/variant under study; iPS induced pluripotent stem cells penetrance. However, it is likely that most cases occur in small families or are sporadic [31] .
GEFS+ has been associated with mutations in the SCN1A (Nav1.1) or SCN1B (β1) genes (Table 1) [32, 33] . Missense mutations in SCN1A are the most commonly identified molecular abnormality, found in about 10% of families [34] . In some families, mutations in the gene encoding the γ2 subunit of the GABA A receptor (GABRG2) have been identified (Table 1 ) [35] [36] [37] . The phenotypic variability observed in GEFS+ could be linked to the combined action of mutations in different genes. Some SCN1A mutations can cause phenotypes extending from different types of epilepsy to familial hemiplegic migraine [38] . It has also been shown that a SCN1A missense mutant, identified in families with extreme phenotypes, including Dravet syndrome, causes loss of function because of folding defects, which can be rescued by molecular interactions with associated proteins or pharmacological chaperones [39] . These results have been confirmed and extended to typical GEFS+ families and Dravet syndrome patients with de novo mutations [39] [40] [41] [42] . This mechanism may generate phenotypic variability and also possibly be used in the development of therapeutic approaches. As recently shown for a missense SCN1A mutant identified in a family with pure familial hemiplegic migraine [43] , rescue of folding defects may also transform nonfunctional loss-of-function mutants, an effect that is consistent with severe epilepsy, into gain-of-function ones, an effect that is consistent with familial hemiplegic migraine [44] . Animal models have confirmed that GEFS+ mutations cause loss of function of SCN1A and reduced excitability of GABAergic neurons [45] . GABA receptors have long been suspected in epileptogenesis. Functional expression of some GABRG2 mutations, identified in patients with GEFS+ revealed a pronounced loss of function by altered gating or defective trafficking, and reduced surface expression as a common pathogenic mechanism [8, 37] . Knock-in mouse models of the R43Q GABRG2 mutation shows generalized seizures and reduced GABAergic inhibition [46] . Hence, these mutations reduce the main mechanism for neuronal inhibition in the brain, similarly to SCN1A mutations, which can explain the occurrence of seizures.
Spectrum of Benign Epilepsies in Newborns and Infants
Benign epilepsies of the first year of life represent a group of syndromes that are defined as "benign" because their clinical manifestations, which occur in otherwise asymptomatic babies, regress and eventually disappear spontaneously. These forms are relatively rare and are transmitted with an autosomal dominant pattern of inheritance. Molecular diagnosis, where possible, is important in order to avoid unnecessary invasive testing and support genetic counseling [47] . The clinical manifestations of these forms of epilepsy overlap considerably, while age of onset may be slightly variable [48] . Some rare mutations in the same genes can also cause severe forms that manifest as EEs. Thus, these forms should be considered as part of a spectrum, likewise SCN1A-gene related epilepsies. [54] . KCNQ2 and KCNQ3 form a heteromeric K + channel (Fig. 2) , which is particularly important in the axon initial segment and nodes of Ranvier of glutamatergic neurons, determines the M-current, and influences subthreshold properties and membrane potential at rest [55] . Functional studies in in vitro systems coexpressing heteromeric wildtype and mutant KCNQ2⁄3 channels revealed a reduction of about 20-30% in the resulting potassium current, which is apparently sufficient to cause BFNS [56, 57] . Although the reduction of the potassium current can cause epileptic seizures by subthreshold membrane depolarization, which increases neuronal firing, it is not fully understood why seizures preferentially occur in neonates [58] . It is possible that the neonatal brain is more vulnerable to even small changes in neuronal excitability. Alternatively, KCNQ2 and KCNQ3 channels, when mutated, might be replaced by other K + channels that become functional after the first months of life.
Transgenic and knockin BFNS mice have been generated. Transgenic mice expressing a dominant negative KCNQ2 mutant [59] show spontaneous partial and generalized tonicclonic seizures, but also pronounced hyperactivity and cell loss in the hippocampus, with impaired hippocampus-related memory, which are not consistent with the typical BNFS human phenotype. Knockin mice of KCNQ2 A306T and KV7.3 G311V mutations [60] show spontaneous tonic-clonic seizures and, consistent with BNFS, no hippocampal neurodegeneration; however, only homozygous mice manifest epilepsy, and they also tend to have seizures in adulthood.
Benign Familial Neonatal-Infantile Seizures
Benign familial neonatal-infantile seizures (BFNIS) are characterized by seizures similar to those observed in children with BFNS. However, age at seizure onset ranges from the neonatal period to infancy in different family members, with a mean onset age of 3 months. Mutations in SCN2A (Nav1.2 sodium channel α subunit) have been identified in most families (Table 1) [61] . Although remission occurs by 12 months, with a very low risk of later seizures [61, 62] , Nav1.2-related EEs have been reported in some instances (see below). Nav1.2 ( Fig. 2) is particularly important for the excitability of the axon initial segment in glutamatergic neurons early in development. Mutations causing BFNIS have been studied in both transfected neocortical neurons and cell lines identifying gain of function effects [63, 64] consistent with hyperexcitability of excitatory neurons. Remission may depend on a developmental switch between Nav1.2 and Nav1.6 in myelinated axons that occur at early developmental stages [63, 64] . No animal models reproducing a BFNIS mutation have yet been developed.
Benign Familial Infantile Seizures
Benign familial infantile seizures are characterized by seizures similar to those observed in BNFS, with an age of onset around 6 months [65] , sometimes in children who also develop paroxysmal dyskinesia [66] . Mutations of the PRRT2 gene, at the pericentromeric region of chromosome 16, have been associated with familial infantile convulsions, paroxysmal kinesigenic or exercise-induced dyskinesia, migraine, or hemiplegic migraine, or in various combinations (Table 1 ) [67] [68] [69] [70] . PRRT2 mutations appear to have a high prevalence in patients with benign familial infantile seizures (or epilepsy), either alone or in association with paroxysmal kinesigenic or exercise-induced dyskinesia (from 40% to 90%), but are only rarely detected in sporadic cases and only rarely cause other types of epilepsy. PRRT2 mutations identified so far include a recurrent and frequent frameshift mutation (c.649_650insC, p.R217Pfs*8), found in a large number of patients from different ethnic backgrounds, as well as a considerable number of loss-of-function and missense amino acid-changing mutations. The location and type of mutation within PRRT2 do not appear to predict the clinical phenotype [69] . Yeast 2-hybrid studies suggest that PRRT2 interacts with synaptosomalassociated protein 25 kDA, a presynaptic Q-soluble Nethylmaleimide sensitive fusion attachment protein receptor protein involved in the fusion of synaptic vesicles to the plasma membrane and calcium-triggered exocytosis [71] . Confirmation of PRRT2 mutations in infants with infantile seizures, paroxysmal dyskinesia, or both, provides families and clinicians with reassurance that seizures are likely to be self-limited, with an excellent prognosis [69] . Linkage studies have identified an additional locus for benign familial infantile seizures on chromosome 19 [72] . Several families with mutations in the ATP1A2 gene have benign infantile seizures in conjunction with hemiplegic migraine [73] . Rare families with mutations in SCN2A or KCNQ2 have also been described in which only infantile seizures occur [74, 75] . (Table 1) [76, 77] . Functional studies of these mutations have recently been performed in Xenopus oocytes, showing that they can have more severe loss of function than BFNS [78] or, in some cases, cause negative dominance inhibiting function of wildtype KCNQ2 [79] . A transgenic mouse model expressing a KCNQ2 dominant negative mutant may model these forms [59] .
EEs Caused by Mutations of Ion Channel Genes Involved in Benign Epilepsies of the First Year of Life
Similarly, de novo SCN2A truncating and missense mutations have been identified in early-onset intractable childhood epilepsies, with features ranging from Ohtahara syndrome to Dravet syndrome [80] [81] [82] . Contrary to BNFIS mutants, functional analysis of some of these mutants using in vitro expression systems has shown loss of function [82] , although it is not yet clear how loss of function in a sodium channel predominantly expressed in excitatory neurons can lead to network hyperexcitability. Notably, a loss-of-function Scn2a knockout mouse does not show an overt epileptic phenotype, although this has not been studied in detail [83] .
EEs Caused by Non-ion Channel Genes
A genetic basis is also being recognized for an increasing number of monogenic epilepsies that are often manifested as severe forms, often having early seizure onset and developmental delay, but diverse, sometime distinctive, phenotypes.
PCDH19
PCDH19 mutations have been associated with epilepsy and mental retardation [84] , an X-linked disorder affecting only girls and sparing transmitting boys, but also often appearing de novo (Table 1 ) [85] . It is characterized by a variable clinical presentation, including delayed development from birth, normal early development followed by regression starting after seizure onset, and normal development without regression [86] . The epilepsy spectrum associated with PCDH19 mutations is, in turn, variable and includes mild focal epilepsy starting in infancy or epilepsy with recurrent episodes of focal or generalized seizures in series or status epilepticus triggered by fever [86] . PCDH19 is part of the protocadherin delta-2 subclass of the cadherin super family. Protocadherin members are expressed predominantly in the nervous system, where they have a role in establishing neuronal connections and in signal transduction at synaptic membranes [84] . Men who are hemizygous for PCDH19 mutations have a normal cognitive level and no epilepsy. Cellular interference has been proposed to explain the discrepancy between the clinical manifestations of heterozygous girls and hemizygous boys [84, 87] . This model suggests that for a pathological phenotype to occur an individual must have two distinct populations of protocadherin cells (mutated and nonmutated). A normal woman or a transmitting man have only one protocadherin population of cells, protocadherin wildtype or protocadherin mutant cells, which would prevent the pathological phenotype from being manifested. The development of genetically modified animal models will, hopefully, allow for the better exploration of this puzzling disease mechanism.
Aristaless-Related Homeobox
The Aristaless-related homeobox (ARX) gene, on chromosome Xp22, is a transcription factor that belongs to a family of paired class homeobox genes, and plays an important role in embryogenesis, especially in the development of the central nervous system [88] . To date, ARX mutations have been identified in about 10 different clinical conditions, with or without brain malformations [89] [90] [91] . Malformation phenotypes, including X-linked lissencephaly with abnormal genitalia (XLAG), X-linked lissencephaly with abnormal genitalia with severe hydrocephalus, and Proud syndrome (agenesis of the corpus callosum with abnormal genitalia) are associated with protein truncation mutations and missense mutations in the homeobox [89, 92] . Nonmalformation phenotypes are associated with missense mutations outside of the homeobox or expansion of the second polyA tract, and include X-linked infantile spasms (ISSX)/West syndrome, Partington syndrome (mental retardation with mild distal dystonia), and nonspecific X-linked mental retardation [89, 92] . Expansions in the first polyA tract cause ISSX/West syndrome (tonic spasms with clustering, severe psychomotor delay, and hypsarrhythmia on EEG) [93, 94] , a severe epileptic-dyskinetic encephalopathy [90] , tonic seizures and dystonia without infantile spasms [95] , and Ohtahara syndrome (Table 1) [96] . No neuropathologic studies of the brain of patients with "nonmalformation" phenotypes are available to confirm that structural abnormalities are, in fact, absent at the microscopic level.
Cyclin-Dependent, Kinase-Like 5
Mutations in the X-linked gene cyclin-dependent, kinase-like 5 (CDKL5) cause early-onset intractable seizures, severe developmental delay, and, often, subsequent appearance of stereotypic hand movements, absent speech development, and severely impaired communication skills-a combination of features that had initially been considered consistent with the Rett syndrome spectrum (Table 1) [97] . CDKL5 mutations also cause ISSX [98] , a form of myoclonic encephalopathy [99] , and severe encephalopathy with refractory seizures (Table 1) [100] . Mutations in CDKL5 are found mainly in girls, suggesting gestational lethality in boys [101] . Parental germline mosaicism has been reported [102] . In affected girls, a seemingly normal early development, followed by onset of intractable seizures between the first days and fourth month of life are early key diagnostic criteria. Severe developmental delay with regression becomes apparent after seizures onset. Seizures are usually manifested as infantile spasms, or prolonged tonic seizures followed by spasms and myoclonus, with a peculiar electroclinical pattern [103] , variably associated with migrating focal seizures during the course. In one series, 16% of girls with early-onset intractable epilepsy, with or without infantile spasms, exhibited either mutations or genomic deletions involving CDKL5 [104] .
Syntaxin Binding Protein
Mutations in the syntaxin binding protein 1 (STXBP1) gene have been associated with Ohtahara syndrome or early infantile EE (EIEE), with early-onset intractable tonic spasms, the characteristic suppression-burst EEG pattern, and extremely poor developmental outcome (Table 1) [105, 106] . Mutations in STXBP1 have also been found in some children with infantile spasms [107, 108] . A transition from EIEE to West syndrome occurs in 75% of children with EIEE [105, 106] . The STXBP1 protein plays an essential role in synaptic vesicle release and secretion of neurotransmitters [109] . The Ohtahara syndrome-infantile spasms spectrum can also be caused by mutations of the ARX gene [90, 96] . Available information on the causative genes for the Ohtahara syndrome-infantile spasms spectrum suggests a mutation rate of about 6% for ARX polyalanine expansions in boys with isolated or X-linked infantile spasms and no brain lesions [90] , and up to 37% for STXBP1 in infants with Ohtahara syndrome [109] . However, larger series are needed to fully elucidate the phenotypic spectrum and better understand the causative role of these genes in this particular syndrome spectrum.
Epilepsy-Aphasia Syndromes
Epilepsy-aphasia syndromes including Landau-Kleffner syndrome and continuous spike-waves in slow sleep are a group of rare, severe EEs with a characteristic EEG pattern and developmental regression affecting language, in particular. The lack of evident brain magnetic resonance imaging abnormalities, in addition to a frequent positive family history of epilepsy or EEG abnormalities, has always raised the suspicion of a genetic etiology. Mutations in the GRIN2A gene encoding the α2 subunit of the N-methyl-D-aspartate glutamate receptor (also known as GluNR2A; Fig. 2 ) have been identified in 5% of patients with centro-temporal spikes, and 20% of nonlesional continuous spike-waves in slow sleep and Landau-Kleffner syndrome; functional analysis using in vitro systems has shown gain of function (Table 1) [110] [111] [112] . Mutations in the GRIN2B gene encoding the β2 subunit of the Nmethyl-D-aspartate glutamate receptor have also been recently identified in 3 patients. The phenotypes include West syndrome and focal epilepsy with intellectual disability, and appear to be very different from that of GRIN2A mutations ( Table 2 ) [113] .
Whole Exome Sequencing Studies
The current and very exciting era of the whole exome sequencing (WES) is generating a great amount of genetic information, thus widening our understanding of the pathophysiology of epilepsies with genetic etiology, especially in the area of the rare EEs. Most of the mutations that have been interpreted as causative arise as de novo mutations or are inherited in an autosomal recessive fashion, often as compound heterozygous mutations.
The hypothesis that mutations in a "few and common genes" might cause phenotypes with overlapping clinical features needs to be revised. Indeed, genetic findings emerging from WES studies of large cohorts of patients, realized by consortia of laboratories, suggest that many "private" mutations in many genes are at play [114] . The function of such genes might be localized within a so-called network system. Mutations of such new epilepsy genes, associated with EE with variable phenotypes, and occasionally resembling known syndromes, including Dravet syndrome, are found in a very limited number of patients [115, 116] . For example, mutations in the CHD2 gene have been associated with a Dravet syndrome-like phenotype in 10 patients and mutations in the SYNGAP1 gene in 5 patients with EE. Genes coding for ion channels are still very much genes to hunt as a cause of epilepsy; indeed, SCN8A (Fig. 2) , the fifth sodium channel gene to be mutated in epilepsy, is associated with early-onset EE [114, 117] . WES studies or targeted sequencing of panels of selected genes of probands and their parents, or of small families with affected siblings, also show that genes previously associated with milder nonlesional phenotypes, including GABRA1 and, as highlighted above, SCN2A and KCNQ2, might also cause EE in some patients [115] . De novo gainof-function mutations in the KCNT1 gene, on chromosome 9q34, have been identified in patients with malignant migrating partial seizures of infancy, a rare syndrome with infantile onset intractable and migrating focal seizures with severe impairment of psychomotor development [118] . Likewise, most of the currently known epilepsy genes and mutations in KCNT1 gene have been associated with additional and very different epilepsy phenotypes, including autosomal dominant nocturnal frontal lobe epilepsy [119] .
Exome sequencing of affected individuals and their parents therefore provides the most powerful strategy for gene discovery. Table 2 shows the most interesting findings arising from large WES and targeted sequencing.
Familial Focal Epilepsies

Autosomal Dominant Nocturnal Frontal Lobe Epilepsy
Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) has a penetrance of about 70-80% and includes frequent, usually brief, seizures with onset, on average, at around 10 years of age, with hyperkinetic or tonic manifestations, typically in clusters at night during slow-wave sleep. Paroxysmal arousals, dystonia-like attacks, and epileptic nocturnal wanderings are also part of the phenotype [120] . Ictal video-EEG studies have revealed partial seizures originating from the frontal lobe, but also from parts of the insula and temporal lobe, suggesting a defect of a broader network [121, 122] . A mutation in the gene CHRNA4, encoding the α4-subunit of a neuronal nicotinic acetylcholine receptor (nAchR), was the first ion channel mutation found in an DS Dravet syndrome; ID intellectual disability; IS infantile spasms;
LGS Lennox-Gastaut syndrome; MMPSI malignant partial seizures of infancy; WS West syndrome inherited form of epilepsy [7] . About 15 mutations in CHRN A4, 5 in CHRNB2 (which encodes the β2-subunit of nAchR), and 1 in CHRNA2 (encoding the neuronal nAchR α2-subunit) have been reported so far [123] [124] [125] [126] [127] [128] [129] [130] . These receptors are heteropentameric, consisting of various combinations of subunits. The α4-β2 combination (Figs. 2 and 3) is the most common in the thalamus and cerebral cortex. All the identified mutations are located in the pore-forming M2 transmembrane segments. Functional studies of nAchR have produced controversial results, which makes the underlying pathogenic mechanisms unclear. Expression of α4 mutants in human embryonic kidney cells or Xenopus oocytes had various effects, consistent with either gain or loss of function: increased sensitivity to acetylcholine (gain of function), or decreased Ca 2+ potentiation or accelerated desensitization (loss of function) [131, 132] . Whereas β2 mutations showed gain of function by increased sensitivity to acetylcholine or slower desensitization [125] , the α2 mutation showed gain of function by increased sensitivity to acetylcholine [128] . The α4 mutations S252F and +L264 engineered in knockin mice [133] induced spontaneous seizures of various types, in some cases similar to those of the human phenotype, but no paroxysmal arousal and dystonia-like manifestations that are typical of ADNFLE; α4 subunit knockout mice showed no spontaneous seizures, but had nicotine-induced dystonic attacks [134] . α4-subunit S284L transgenic rats [135] show a more complete ADNFLE phenotype, with spontaneous attacks during slow-wave sleep, comprising paroxysmal arousals (frightened behavior), dystonic activity, and epileptic wandering. Notably, the pathogenic mechanisms are also different in these models: upon application of nicotine, GABAergic inhibition is increased in frontal cortex of S252F and +L264 knockin mice [133] , whereas it is reduced in somatosensory cortex of S284L transgenic rats [135] .
A recent study reported 4 unrelated families with a severe form of ADNFLE, in which patients had an earlier mean age of onset (6 years) than other ADNFLE forms, and frequently showed psychiatric features and intellectual disability [119] . They carried missense mutations in the sodium-gated potassium channel gene KCNT1, but no functional analysis was performed. Thus, the phenotype has features of EE and, interestingly, mutations of KCNT1 have also been identified in the EE malignant migrating partial seizures in infancy (see above).
Autosomal Dominant Temporal Lobe Epilepsy
Autosomal dominant temporal lobe epilepsy (ADTLE) is a form of autosomal dominant partial epilepsy associated with auditory symptoms and audiogenic seizures. The first clinical manifestations, usually occurring during childhood or are not yet known. Numerous receptor subtypes that have specific anatomic locations (e.g., muscle or neuronal) are generated by multiple combinations of different types of these subunits. In the central nervous system, the pentameric structures of the receptor are composed of α-subunit homodimers or of α-subunits/β-subunits combinations. (c) Top view of the structure of a neuronal nicotinic receptor composed by 2 α4-subunits (CHRNA4) and 3β2-subunits (CHRNB2). Abnormalities in this receptor, caused by mutations of its subunits, cause nocturnal frontal lobe epilepsy adolescence, are auditory hallucinations, sometimes accompanied by vision or olfactory manifestations, or dizziness [136, 137] . Mutations in the leucine-rich, glioma-inactivated 1 (LGI1) gene have been associated with ADTLE in several families (Table 1 ) [138, 139] . The pathogenetic mechanism related to LGI1 mutations remains to be clarified. Functional inactivation of 1 allele leads to ADTLE, whereas silencing of both alleles has been observed in several high-grade gliomas [140] . The functions of the LGI1 protein (epitempin) are still poorly understood.
LGI1 harbors a domain consisting of a 7-fold repeat of 44 amino acids, the epilepsy-associated repeat domain [141] , which is common to MASS1, a large G-protein coupled receptor, mutated in the Frings murine model of audiogenic epilepsy [142] . It has been shown that LGI1 can be secreted, and that several ADLTE mutations cause secretion defects [143] and enhance glutamate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor functions by interacting extracellularly with the transmembrane protein ADAM22 [144] , but it is not clear how lack of this function may cause epilepsy. However, it has also been shown that LGI1 might have presynaptic functions, reducing the inactivation of type A K + current through intracellular interactions with Kv1.1K + channels; ADLTE mutants do not exert this effect, resulting in fast inactivating A-type currents, an effect that could induce increased excitability, synaptic transmission, or both [143, 145] . Three independent LGI1 knock-out mouse models and a rat model (carrying the L385R LGI1 mutation produced by N-ethyl-N-nitrosourea -ENU -mutagenesis) have been generated that show a robust phenotype consisting of spontaneous and severe seizures [146] . Data obtained from animal models are more consistent with a direct presynaptic epileptogenic mechanism, whereas postsynaptic effects may be more involved in glutamatergic synapse maturation and dendritic pruning [147, 148] .
Familial Focal Epilepsy with Variable Foci
In this form, affected members within a family can have seizures generated in different cortical regions (frontal, temporal, frontotemporal, parietal, or occipital), with onset that varies from infancy to adulthood. Affected individuals do not show cognitive deficits, although some family members exhibit intellectual disability. Recent studies have identified in some of these families mutations in Dishevelled, Egl-10 and Pleckstrin domain-containing protein, the function of which is still unclear, but it might be involved in membrane trafficking, G protein signaling and/or modulation of the mammalian target of rapamycin complex 1 (Table 1 ) [149] [150] [151] . Most mutations resulted in a truncated protein and are consistent with loss of function.
IGEs with Complex Inheritance
The IGEs represent 20-30% of all epilepsies and include a group of syndromes characterized by absence seizures, myoclonus, and generalized tonic-clonic seizures. There is partial overlap in age of onset, type and frequency of seizures, prognosis, and response to treatment. Among these disorders there are several subsyndromes, including childhood absence epilepsy, juvenile absence epilepsy, juvenile myoclonic epilepsy, and epilepsy with generalized tonic-clonic seizures alone. Generalized spike-wave activity and normal background are observed in EEGs. Among epilepsies with complex inheritance, IGEs have long been considered to be particularly suitable for genetic studies because they are common, have a relatively well-defined phenotype, and often occur in familial clusters. Close relatives of IGE probands have 4-10% risk of developing epilepsy [152] . Higher risk is seen in siblings and offspring, and is lower in second-degree relatives.
As expected with polygenic inheritance, there is a rapid decrease of the risk in relatives as the distance from the affected individuals increases [153] . Twin studies have shown higher concordance for IGE in monozygotic than in dizygotic twins (0.76 vs 0.33), which is also consistent with polygenic inheritance [154] . Therefore, IGEs are thought to be genetic epilepsies with complex inheritance. It has been suggested that they might result from the interaction of two or more genes [155] . However, a high degree of complexity is operating: large-scale exome sequencing of ion channels reveals that rare missense variation in known Mendelian disease genes are equally prevalent in healthy individuals and in those with idiopathic generalized epilepsy, revealing that even deleterious ion channel mutations confer an uncertain risk to an individual depending on the other variants with which they are combined [156] . Although several chromosomal loci for different forms of IGEs have been identified, they have not often been replicated. Linkage studies on a large number of families with IGE have identified several susceptibility loci (18q, 2q, 3q, and 14q) [157, 158] . In rare families, pathogenic mutations in single genes have been reported. Mutations in the GABRG2 gene were identified in families with febrile seizures and childhood absence epilepsy [35, 36] , a mutation in the GABRA1 gene was identified in a family with dominantly inherited juvenile myoclonic epilepsy [159] , and mutations in CLCN2 in families with heterogeneous IGE phenotypes, including childhood absences epilepsy [160] . Rare variants in CACNA1H have been identified in childhood absence epilepsy and other generalized epilepsy phenotypes (Table 1 ) [161, 162] . It has consistently been shown that the Cacna1h variant R1584P is a susceptibility factor in a spontaneous rat model of absences [163] . Finally, the study of variants has provided some evidence that GABRD [164] , ME2 [165] , BRD2 [166] , and NEDD4L [167] are susceptibility genes for IGE.
What We Have Learned from Experimental Models
Clinical and genetic studies cannot always fully elucidate genotype-phenotype correlations because they do not allow for inferring exhaustively the functional effects of a mutation and its pathogenic mechanism(s). Thus, functional analysis is important for clarifying genotype-phenotype correlations, which can facilitate diagnosis, genetic counseling, and studies aimed at developing effective therapies. Experimental models have helped to identify pathogenic mechanisms of some epileptic syndromes (e.g., SCN1A-or KCNQ2/KCNQ3-related), although for other syndromes there is still uncertainty after years of studies (e.g., for nAchR or LGI1 related).
Notably, experimental models of genetic epilepsy have made it possible to identify an early pre-epileptic period in which specific dysfunctions of neuronal network are present without generating behavioral seizures, which will eventually develop at a later stage [168] . This period can be considered of epileptogenesis, and the "presymptomatic" dysfunctions can therefore be targeted using therapeutic approaches that may inhibit or delay the transition to active epilepsy. These agerelated periods may suggest specific developmental roles of the mutant protein, but might also depend on age-related factors that modulate the functional effects of mutations and possibly sustain disease progression. Studying the pathogenic mechanisms operating in the presymptomatic period might provide a window for therapeutic approaches that prevent seizures and the associated developmental defects. Such an early intervention would be particularly important because seizures can trigger pathological modifications that sustain and aggravate the epileptic state or interfere with brain functions, and that may be only indirectly related to the initial epileptogenic cause. Animal models can be used to test these hypotheses, for example using conditional knockin mice as the GABA A receptor γ 2 subunit R43Q mouse model of GEFS+, in which seizures in adult mice are reduced when the expression of the mutant allele is suppressed during development [46] . A critical period for phenotype development has also been identified in transgenic mice expressing a dominant negative KCNQ2 mutant, which may model KCNQ2 EE [59] .
Although performing high-throughput screening with mouse models may prove difficult, the recent development of simpler animal models (e.g., zebrafish) has identified possible effective compounds testing hundreds of small molecules [169] , but these compounds have still to be validated in mammalian models
How Genetic and Functional Information Have Been Translated to Clinical Practice
Genetic testing can be offered for single-gene or Mendelian epilepsy syndromes, or epilepsy-associated disorders, if the gene has been identified. If not, empirical counseling can be offered, based on the type of epilepsy, mode of inheritance, and penetrance. Although we can now carry out preclinical and prenatal diagnosis in many cases, the difficulty in predicting the severity and prognosis of epilepsy in specific individuals, particularly in those with nonlesional epilepsies, uncertainties in genotype-phenotype relationships, reduced penetrance, and complex models of inheritance, complicate their use as diagnostic and predictive tools. Moreover, many treating clinicians are not yet familiar with the available tests, how to access them, and how to decide when and whether they should be used. In fact, not everybody is enthusiastic about their utility [170] . The International League Against Epilepsy Genetics Commission has recently proposed a framework for evaluating the utility of genetic testing [9, 171] , concluding that it has high utility in some well-defined clinical contexts.
The correlations between phenotype and genotype in genetic epilepsies is rapidly changing in relation to new findings emerging from exome sequencing and the use of diagnostic panels as unexpected phenotypes become associated with mutations of specific genes and vice versa [109, 110, 172] . A constantly updated database will be essential to establish all the known gene mutations and polymorphisms, and their clinical correlates, so that genotype-phenotype correlations can be determined.
In some cases, genetic tests are becoming useful tools for achieving a more accurate diagnosis and, at least for some epilepsy syndromes, facilitating early diagnosis and helping treatment choices. For instance, mutations that truncate Na v 1.1 have thus far a selective causative link to Dravet syndrome, and genetic tests can disclose these mutations in patients, allowing early diagnosis; in fact, genotyping is becoming a prerequisite in the diagnosis of Dravet syndrome. The exploitation of the information obtained by genetic tests can help treatment choices (e.g., excluding potentially harmful drugs in Dravet syndrome, in particular some Na + channel blockers) [173] and guide genetic counseling and management.
However, to date, no new curative treatment has emerged from any genetic finding in epilepsy (with the possible exception of the ketogenic diet in GLUT1 deficiency syndrome), nor have the many pharmacogenomic studies in epilepsy yielded any widely applicable treatment advances (with the possible exception of HLA-B*1502 screening for carbamazepine toxicity). Moreover, functional studies performed with experimental models have not yet provided results that have been directly translated to the clinical setting. This is a disappointing lack of progress, reflecting as it does on the complex nature of epilepsies and their treatment. Counseling needs to consider these issues.
Conclusions
Most of the epilepsy syndromes we have reviewed are characterized by marked phenotypic and genetic heterogeneity; thus, it may be difficult to distinguish some of these epilepsies based on the genetic cause alone. This may be explained by pleiotropic expression of a single-gene mutation, modifying genes, or by several genes producing a similar phenotype, at times because they affect the same developmental or functional pathway. It will be essential to compare clinical and experimental studies in order to better disclose pathogenic mechanisms that lead to a form of epilepsy.
Another major area for future investigation concerns the interaction of genetic and developmental mechanisms of epilepsy in determining the age-dependent expression of many of the nonlesional syndromes and cognitive deterioration in EEs. These areas have been difficult to explore based on clinical grounds alone and have often remained the object of speculation. However, important insights are likely to be generated in the near future with the help of contemporary animal models in which predefined human gene mutations can be selectively expressed at different stages of brain development. The secondary changes prompted by early seizure activity in the physiology and anatomy of the affected neural circuits can now be analyzed and may represent a potential target for therapy. Also, growing evidence that genes regulating synaptic function, not just ion channel activity, are implicated in early-onset epilepsies, may help in the near future to better explore the role of synaptic plasticity in determining the agerelated expression of specific epilepsy syndromes.
The next steps include identifying additional genes both in monogenic epilepsies and epilepsies with complex inheritance, genotype-phenotype correlations, and functional studies of the abnormal proteins in experimental models that reproduce real pathophysiological conditions. These studies may have practical applications for diagnosis, genetic counseling, and treatment.
It is hoped that a constantly updated database will be established for all the known gene mutations and polymorphisms, and their clinical correlates, so that genotype-phenotype correlations can be determined. This is the objective of the Human Variome project [174] . For example, over 800 mutations in SCN1A associated with the Dravet syndrome spectrum have now been identified, and the severity of the related phenotype can be predicted early with reasonable accuracy for some recurrent mutations for which sufficient numbers of clinical observations are available.
